Introduction
The human body contains a considerable amount of fat, mainly meant to be a store of energy. The physiological normal amount of body fat depends on gender and age (1) . In young-to middle-aged subjects the upper limit of a normal and healthy body fat per cent (BF%) is ª25-30% in males and 35-40% in females (2, 3) . High levels of body fat are related to an increased risk of morbidity and mortality. The amount of body fat can be determined in vivo by a number of techniques (1, (4) (5) (6) , including densitometry, deuterium oxide dilution and dual-energy X-ray absorptiometry (DXA). The disadvantages of these methods are
Relationship between body mass index and body fat percent
Obesity is defined by the World Health Organization (WHO) as a condition of excessive fat accumulation in the body to the extent that health and well-being are adversely affected (8) . An increased BF% is normally coupled to an increase in body weight. It has long been recognized that weight-for-height indices can be used as indicators of BF%. The Quetelet's index (9) or body mass index (BMI; weight ¥ height ; ref. 10] , in that the index is not or only minimally correlated with height, which is a prerequisite for an index that aims to adequately indicate body fatness.
It has been shown in many population studies that morbidity and mortality are increased at high levels of relative body weight or BMI. The WHO defininition of obesity in adults is a BMI of >30 kg m -2 (8) . The relationship between BMI and risk of comorbidities is given in Table 1 .
Womersley & Durnin published a report in which they described the relationship between BMI and BF% in males and females in different age categories (11). This report was followed by others (12) (13) (14) (15) , all showing that BF% can be adequately predicted from BMI as long as age and gender are taken into account.
In recent years, accumulating evidence has suggested that the relationship between BMI and BF% differs between ethnic groups (16). Wang et al. (17) , using DXA, showed that 'Asians' living in the New York area have a lower BMI but a higher BF% compared to age-matched Caucasians. Two years later the same authors published another report showing that other ethnic groups also differ in their BMI/BF% relationship (18) . Recently, Gallagher et al. reported higher BF% levels at lower BMI in Japanese when compared to Caucasians (from the United States and the UK) and American Blacks (19) . Luke et al. (20) showed that population samples from Blacks in Nigeria, Jamaica and the United States differ in their BMI/BF% relationship.
Differences in physical activity level were discussed as a possible explanation. In a recent review, Wagner et al. (21) suggest that BMI cut-off values for obesity in American blacks should be defined at higher values to have national obesity figures compatible with American whites. Swinburn et al. (22, 23) reported differences between Caucasians and Polynesians, and Norgan (24) explained the low BMI and relatively high body fat in Australian Aboriginals by their high relative leg length (compared to stature). Recent studies in Hong Kong show that Hong Kong Chinese have a higher BF% than Caucasians with comparable BMI (25, 26) . These findings are in agreement with the higher morbidity risks at low BMI in Hong Kong Chinese (27) . There are also studies that report no differences in the BMI/BF% relationship across ethnic groups. For example, Gallagher et al. (15) found no differences between Caucasians and Afro-Americans living in New York, and Deurenberg et al. (28) found no difference between Dutch Caucasians and Beijing Chinese.
In 1998, data available from the literature were summarized in a meta-analysis and from this it can generally be stated that not all ethnic groups have the same BMI/BF% relationship (29) . Possible explanations for these differences might be differences in activity level (20) , in relative leg lengths (16, 24) and/or in frame size (29) .
Conflicting findings in the literature may be a result, in part, of methodological errors when different body composition methodologies were used. To avoid this, studies are necessary in which different ethnic groups are measured in the same laboratory using the same methodology, as carried out, for example, in the studies of Wang et al. (17, 18) and Gallagher et al. (15) , or using highly standardized methodology in different laboratories. However, even then, results may be biased owing to violations of assumptions that could differ for each study group (7) . For this reason, the first study of Swinburn et al. (22) may be criticized, as not only a doubly indirect method (bioelectrical impedance) was used to assess BF%, but also different instruments and different standardization procedures were used when comparing Caucasians with Polynesians. In a second study, Swinburn et al. (23) used DXA as method of reference and confirmed the results of the first study; however, DXA cannot be regarded as a method of reference (30) . In the comparison between Dutch Caucasians and Beijing Chinese (28), underwater weighing was used at both study sites, but the assumed constant and equal density of the fat-free mass may not be applicable to both populations. Recently it was shown that Singapore Chinese have a higher density of the fat-free mass than Dutch Caucasians (31) , resulting in an underestimation of BF% when using densitometry and Siri's (32) equation. This could explain the conflicting results between the studies of Wang et al. (17) and Deurenberg et al. (28) among Chinese and Caucasians. As obesity is defined as a condition where there is excess body fat (8), and not excess weight (in fact, excess BMI), a different BMI/BF% relationship among ethnic groups could result in different cut-off points for obesity. In the meta-analysis (29) mentioned above it was discussed that based on body composition data the BMI cut-off point for obesity in American Blacks should be higher than 30 kg m -2 , while that for Indonesians and Thais should be considerably lower.
For a well-defendable BMI cut-off point for obesity, however, not only body composition data are important, but also the relationship between body composition (BMI, in fact BF%) and risk factors for morbidity and mortality. Needless to say, lowering the cut-off point for obesity has consequences for prevalence figures in a population and hence for public health policies.
Not all 'Asians' are equal
In the meta-analysis (29) mentioned above, a distinct difference was found in the BMI/BF% relationship among Chinese, on one hand, and Indonesians (Malays ancestry) and Thais, on the other. Even between Chinese groups living in New York, Beijing and Hong Kong there seemed to be differences, as was also observed between European and American Caucasians.
In 1997 and in 1998 two body composition studies were conducted in Indonesia. These studies aimed to investigate the relationship between BMI and BF% in population groups of different ethnic origin (Malays and Chinese). As the studies were field studies, BF% was determined by deuterium oxide dilution (1). It was assumed that hydration of the fat-free mass was constant and equal at 72.6% (33) (34) (35) for all population groups studied. A Dutch group was used as a 'reference' Caucasian group. All subjects were measured using the same standardized procedures. In the first study it was found that Indonesians of Malays ancestry [living on Java (Depok and Jakarta) and Sumatra (Palembang)] have, for the same age, gender and BMI, ª5% more body fat than Dutch Caucasians (Fig. 1) . For the same BF%, their BMI is ª3 kg m -2 lower compared to Dutch Caucasians (36) . In the second study, Indonesians of Chinese ancestry (living in Makale, Sulawesi) were assessed. In this group the difference in the BMI/BF% relationship compared to the Dutch was less pronounced but was also significantly different compared to the Malays Indonesians assessed in the first study. The differences between the Malays and Chinese Indonesians could be largely explained by differences in body build, namely frame size and relative leg length (37) .
The Indonesian studies could be criticized for assuming the same, constant hydration fraction of the fat-free mass, which is not necessarily true. However, it is unlikely that at a population level differences in hydration of the fat-free mass exceed 1-2% (34, 35) , and it was discussed that even a mean hydration level of the fat-free mass as low as 70% would still have resulted in significant differences compared to Caucasians (36) .
In early 1998, a pilot study was conducted in Singapore, in which body composition was measured in a small sample of young Chinese males and females using a variety of techniques (densitometry, deuterium oxide dilution, DXA, anthropometry). These data were used in comparative statistical analyses in which age-, gender-and BMI-matched Beijing Chinese and Dutch Caucasians were included. The BMI/BF% relationship was different between the three groups, the Singaporeans having the highest BF% and the Dutch the lowest BF% (38) . The differences in the BMI/BF% relationship could be explained by differences in frame size and relative leg length (see Fig. 2 ), where frame size was calculated as a slenderness index (height ÷ sum of knee and wrist width). Figure 3 explains the effect of relative leg length and slenderness on the BMI/BF% relationship.
In the autumn of 1998, another body composition study was conducted in which nearly 300 Chinese, Malays and Indian male and female Singaporeans participated. Body fat was measured using a four-compartment model (39) : body weight = (fat mass+mineral+water+protein). Body water was determined by deuterium oxide dilution, minerals by DXA and protein by densitometry. Body fat obtained by a four-compartment model is minimally influenced by assumptions (40) and the calculated error in this model is as low as 1%. The results of this study show that in Singapore, for the same age, gender and BMI, Indians have a obesity reviews higher BF% than Malays, who in turn have a slightly higher BF% than Chinese (41) . All three groups have a considerably higher BF% for the same BMI than Caucasians of the same age and gender. It was calculated that a 'Caucasian compatible' BMI cut-off point for obesity would vary from ª26 kg m -2 in Indians to ª27.5 kg m -2 in Singapore Chinese (see Fig. 4 ). Detailed results of this study have been published previously (41) . Also, in this study differences in frame size and in leg length explained differences between the three Singaporean groups. These BMI cut-off values are higher than the values suggested by Ko et al. (25) and He et al. (26) From all studies it is obvious that the BMI is a reasonably good indicator for BF%, but the relationship between BMI and BF% is age-, gender-and ethnicity-dependent. Ethnic differences could be explained by differences in frame size and relative leg length, but physical activity level, as indicated by Luke et al. (20) , could also be a contributory factor.
From the data that are available in the literature, no general conclusion about the BMI/BF% relationship in ) Figure 3 The effect of relative leg length and frame size on the body mass iindex (BMI)/body fat per cent (BF%) relationship. Subject A has the same BF% as subject B, but because he has shorter legs his BMI will be higher (more mass per cm length in the trunk). Subject C has the same BMI as subject D, but because his frame is bigger (stockier) he will have more skeletal mass, more muscle mass and more connective tissue. Therefore, for the same BMI he will have less BF%. 'Asians' can be drawn. Even within apparently equal groups, such as 'Indonesians' or 'Chinese', relatively large differences exist. It is advisable that well constructed and standardized body composition studies in distinct population groups should be conducted, using a recognized reference method (e.g. deuterium oxide dilution) to measure BF%. Ideally those studies should include subjects over a wide range of BMI and age.
If body build is responsible for a high BF%/low BMI relationship in some populations, cut-off points for undernutrition (currently at 18.5 kg m were 25 and 15% for females and males, respectively (42) . There is no reason at all to assume that undernutrition is epidemic among Singaporeans.
As for the cut-off point for obesity, the relationship with risk factors is important, and undernutrition, health and work capacity should be considered before redefining cutoff points.
Conclusion
The relationship between BMI and BF% may be different among ethnic groups. If obesity is defined as excess body fat and not as excess body weight, such a different relationship has consequences for the definition of obesity cutoff points based on the BMI. However, before redefining the cut-off points it should first be determined whether the high BF% at a lower BMI corresponds also with an increased risk of morbidity and mortality.
